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‘1’hc usc of mcttil  hydr ides (Ml] )  as ]lct~ti[lvc clcc~tmic.s if) tilk.alitlc  lcchargcable  cel ls  is

bccaming, incl  casing]y  popula],  {nvi 1111 [L) ;idvantag, cs o f  tl)c. ll~etaI hydri(ie.s o v e r
(

convent ional  anode mate[ials  (sucl I a!. L! I, ( d )  i]~ s]mciflc  c]m~’,y, cyclic  l i f e t i m e  a n d

environmental compatibility. ‘1’))  csil))illlilic! i~)t}lc  crll~~{lltft~c,  ])lcsstllc  characteristics

and charge co~ltrol methods of’ t}lc h’]. hfl t 1 (cl]. 10 tlIc commo]~ly  (Iscd Ni-(11  cell suggest

that Ni-M1l CCIIS may take OVCJ a ~’,[NKi (t;ir[iwl  c)f’ tl]c. lcchalp,eat)lc batte.  Jy market for

consum  CJ elect ronics  in the ncx t fm’ y[’a Is

Two classes of recta] hydride alloys cl} Itlltl:, Iwin{l dcvcloiml  aJc those based on rare

carlh  metals  (A115)]>2 and  on  tally tititl.it!(.ui tl~etfils  (A112):1. Altllou[;ll A112 a l loys arc.

rcpol-tcd  to exhibit higher spccifict  cIitI{I,)  tilali Iltc F1115 alloys, state-of-the.a] [ conmcrcial

Ni-h411 cells ]Jrcdominantly  usc All< til 10:)s ‘J hc A115 alloys ale I)ascd on l,aNi5 with

var ious substit[lents  for l,a and N], ‘I )1( S}slt rliatic  cflticts of tll(;sc alloy mod i f i ca t ions ,

and the Icasons  for these cffc.cts, aft 81:[IV(,  I(I))ICS  of IcscaId I. AI I irnpol (ant  goal of an

allc)y modification is to inc, rwsc [}IC lifct!t[lt (t’ [hc h~l I clcc,tlodc  u]]dc.]  cl~argc-discharge
,&

cycling.  It has been found that ti)c CS( IJ,,: Ilft”l}llc IS ;iflt.ctc.d  by tl)c alloy lnodifications,

but  it is not clear why. lJIlpJ OVC(I  (?’. Ii 1] ti[imcs lvith (k) s~lbstitutiwls h a v e  km

at t r ibu ted  to a lc(iucc(i  voluJne  c}iall[’,(  t!p.~]1 11} dIogcJI allsm])tio!l  aTId dcsm ~)tion.] Sakai,



cl al “1 studiul  vario~ls Ic.rl]aly siI[mlIIIIt  I(u I for NI iII l,a Ni~, allfl Icj)ollcd that the cyclic

]ifctimc in}proves  with the tc.II\al~  s[)l~stillt>t)ts stu(lic(i  iti 11)(>  of(icl Mn ~ Ni < Cu < Cr <

Al < (k), It

7,1”{’ 01 Othcl

Sill Odc.c film

i[lcxpcnsivc

has also been su[~,~J,(slc(i 11 l:t tlf; sul)stit~ltion  of ttlu lalc ml (1) metal with I’is,
.,

lanthani(lcs  s u c h  a s  T<(i] ~ 1):1  ( I,”may ]~lolllolc [1)~ f’mli)ati(m  of qmtcctivc

and enhance the cyclic II filil))

misch m e t a l ,  h4]t] (a IIiit I II,ills

l’I and Ncl) for 1,a in alloy foll~]ul;l~lo:ls  S(II

.-

~ ‘1’llis IS ausj)icious  fbr t h e  usc of rclativdy

(WLIIIIII,f~,  [Ilixturc  t~f’ IaIC cal[h  metals I/a, Ce,

I I as (l\4]l~)(Ni.(oh411Al)5.s9

4.

Ratnakumal  ct al. ,{

1

‘Ihc benef ic ia l  ~ffcct of the sl]l)s(itll(  :It. jil cittlcr 1 a 0] Ni is ofic]l aummpanicd  by an

ulldcsirablc dccrcasc i n  Ihc tly(il LIj~,tII 811 .(II I)tio}l  capzcity, I(HI:?, activation and slow

k i n e t i c s  of hydl-ogcn  absol])!io]l  ati(i 1:{(.sOI ~l(.io~l I I I  ouI ICCCTII  Colllllll)llications,]o’l”  w c

dcsclibcd  the advantages associa~~ti \I itll 11:111~~ SII a~ a tcltlaly sul)stituc.nt.  3’llc addition

of mall amounts (3.3 atO/O) (}f SII illl~l](w[i lIIc cy(.lc  lif’c aIId tlIC  kil]ctim of absorpt ion

and clcsorplion,  wi th  a  mai~illal  lc(ill( 11011 it tl)c slwcific c.{i}McIl}’ ‘1 hc specific capacity

of 1.aNi4,8Sno,2  is about 300 II)AIII’}’,  ;IIII.I i: Ictai!l(xl  WC] I duritt{~  cllalp,c-(iisc]largc  cycl ing,

‘1’hc benefits of alloying witlt Sn llmt also l~(lcn  Icalimxl  iJi lllLI\li  -c(Jl”ll])OJICJlt  alloys. J2 In

this paper, wc present I-CSUIIS fi (m I I u il~~ I stu(lics 011 the. SI1-l~lodifid  1,aNi5 alloys of

diffming Sn c{)llcctltlatiolls. ‘J’l I(:sc sltl(iics  ~{wx: aitllc(i at idclltil~illg, tlIc effect of the Sn

adctitivc  OJ1 Clcctl”ochcnlical  C]l:il,lct(  I i i!i( of t]ic Jnctfi!  ])}r(![idc  a]]oys,  i n c l u d i n g  t h e



l~;Xf’J{:l?lM1tN’J’Al  ,

‘J’hc 1,aNi5.XSnX alloys were ])] {II;{{ txi I):i’ citl]cl  alcrn]cltilif,  01 ill(ltlctioll-lllcltir~g

stoichiomctric  amounts of cac]l n)ct:+l Iii rkc! (99.996), and ‘J’in (’99.999CXI)  were obtained

flom JohnsoJI Matthcy,  h4A,  LISA, al](l 1.:lll[ll~~r~um (99.99(%) was obtained from Johnson

h4atthcy, UK, ‘]”he s a m p l e s  witl~ x ().I &. ( ) . 5  ori[{inaliy Iwociuced by IIydrogcn

Consultants, inc., Lit[lcton, (:() WCI c t( c a(ui i]! tlw smllc  )]mllm as rrll c)ther alloys, which

were produced at ~allech, ‘1’0 ir]~(l~ ( II(MIIO; I(71e0us  (Iistfibution  of Sli in the alloys, the

ingots were subscqucntl  y ar)ne.al(d  i r] v, IcI.111111  at 9S0°(~ for 72. hoius.  ‘J’hc annealed ingots

wcr-c thCI)  C1-lISIIC(I  tO 1 0  lIICS1) ill till ;:1 f:( )11 [joVC 1X)X, fOll O\l’Cd b})

:tbsorptl  on/d c.soIpt Ion cycle  to acl I’$’fi {c III a l l o y s  and to ol)tfiin

opt i m i 7,cd su rfrdcc area.

charactcrimd  by X-ray

‘1’hc Cllclliic;+l ,OIIIJ) lsitioll a?l(l  hom(y,e.  ~lcity

a single }lydrogen

alloy powders of

of ttlc alloys were

difflactor)lcl]  }, -,X. I ,IS data ~~’c]c. obtaillc(i  wi th an IN]{]. OS-

1 ?.0 powder diffractometer usillp, (o I((J l;idl,!tion (A ‘ 1.’/902 ~).
,?

,.

1’] cssillc-colll]~ositic)ll  isc)thmms VW] c o}lailw! for 1 .aNi5.XSnX alio)s by using a modified

{’,as-manifold  Sicvcl  (’s appala(us  (l(f5f;IIl I(ii j);[viously  13 ‘1’IIc clccllodc  lmwdcr  mixfufc

Ratnakumar  ct al.



. .

(W CM” 2,54 X  2 . 5 4  Clll) \4’CIC f:l!lll.’?t (’(l tIy Il[)t-l)lcssili:’,  at 150”(~ and  10 ,000  ps i ,

.,
a])p[oximatcly  1.3gof  the I]lIXILIIC  ( l!’ hill p{)\+Jdct)  o n t o  fill cxl);indcd  Ni sycm l~oI-

(1)(: b a s i c  clc.ctmcllcmical  s[[l(lit.;,
. .

I(,t:.(d c~lilld[ic:tl cfi~’ily  lIAS (llio-Arla]ytical

the basic clcclmcllcmical  slu~iics  (I]x;il,  (~ 11) I(II the c,ycl[c. Ilfctimc  studies, the. same

c(~[]~ll[)l]cllts w~c]casscl]lt)lc(i  III ij II[lvll(llil. j~lass (Cll  will] lIyl(JII (1’f:llcm 2S 16) separator .

‘1’cf]ol) s h i m s  w e r e  IIsc(l 10 ]II\)\II(l( d,i {ll]alc c{)nll~tic(io]] to t h e  clcc(rodcs -1’hc

Clcc(l-olytc  ccmtaincd 31 v,% 1<(}11 vl![]tioll  [Ir Cpa I-Cd \\ItlI Iwicc-distillrxi  low-

Cmllduc,tivity  water, AltlIoN{~,i~ [Ilcs( t\,I~ IIX SWINI Cells, H ~’itotl  O-IiI12 seal cii(i mablc

t h e  dls t o  Icacll  pICSSUI-CSsll~’,tltll 1:1)1.~t  atll)()~])llcjic  co[}(litiolis l;lcctloctlcr[lical

mcasllrcmcnts  (1)(;) w e r e  lICII[)IIII(LI  I\ III all 1  (;&~(;  :) ’/3 l’[)lcllli(~stat/(  ialvaTlc)stat

Ratnakumal c1 al



I{lLSIII ;1’S AN I) DISCUSSION

~-l{AY 1)1  PIIIIA(TOMETRY

X-my (Iiffractonlctl-y  was usetl to (:1 I;I18i [( I 17c the. lr~icrosif ucluJc, measure the Ialticc

di f f ract ion pattcms of l.a”Ni~.XSl~,, ;]il(~~. ‘Lvil I  difjklctlt  SII Cl:)l)l]lo,ritiolls,”  x. ‘J’hc X- ray

d i f f r a c t i o n  pattcms conflmcxi II]:i[  i{il,l~’i  v ]ill SII Compositiwls  Lli) to x = 0 . 5  wmc

cntimly the (IaOJ j-type IIauckt ]JI12M, \’,’illl incrcasi]lf;  Sn coIlc.clltratiml,  the diffraction

peaks shift to smaller an~;]cs (as ill~lslt fil(<i IT I t h e  il)scrl), ill)l)lyir)~~ all incwaw  in  tile

lallicc P_ Alafi)ctcls
>+--

,,

]SO’J’IJ}H{MS

. .

Rat]]ak(llna]  c1 al



1  llcctlloc.l~clllical (lIK) isothtf IIIS ~t (1 u 4 {)nstl u(.;tcd f]oi]l Ilic e q u i l i b r i u m clcctrodc

potent ia ls al (Ii ffcrcnt stag,cs  of IIJ (11{1:.’,[ II t ‘lsorj)tioll  or (Icsoli]tif)ll ‘1’IIcw arc similar to

coulonlctt-ic  t i t r a t i o n s  call-id 0111  011 ttl~ 113’[C.1} clcctl-odc lll:it(lials.]~ ‘1’hc equilibrium

dcc.tlodc  potentials al-c rclatc(l  to [I)c I.{I\iIl  II: iull) l)}dioy,fc]l  ])]twlc,]x 1)112, by the Ncrnst

quation:

1;., (vs. 11:,()/1  1{’,’) () (’ iM . () 0291 Iop(l’l,, ) (1)

sothcrms  d i f fe r  sli~,llll>  f~(nil 111(’  ~;as pll;tsc isotllcilns  (I[lling  at)sorption  n t h a t

the  in f lec t ion  in the prcssulc  al Ilii: CII[.I 1~1 al]sol])lio[l is 2t)scllt, ])ossibly  because the

Ralnakllnlar  ct al.



p l a t e a u  ]JlcxsLIIcs  dllling absol Illiflri :tt Il ;ILI I}}tiwl u’Ith  a cllall{’c ill llIc Sn concmtralion

aIc shown il) I;i:\. 3.]9 11 has Im.li Iio L’(I 111  II inclca~in:,  alno~]llts of SrI induce a latt ice

c.xpansicm  that is linear with SIJ ctll[l]~.)sl[ifl  I ~(3’2i’~; ‘J’hc lop,arillilliic dccvcase if) p l a t e a u

]~lcsslllc witl]il]clcasitl glltlitccll  V{ II IIIIIt SC{ I IICIC is c.onsis!cl~l lvitll the observatio~is o f

GI”llCJ1,  Ct al,23 As also showrI ill ) ‘i)’, 3., ~lIIC hys!clcsis  bct~~’ccn  the a b s o r p t i o n  and

dcsm ption  isotherms of] ,aNi5 is IcdIi(  i~(i it) [Ilc Srl-sl~bstit[ltcd  alloys,

1 I YDROGNN  AIISORPTION  CAIIA(:IJ  Y

dcacascs  mal~;inal]y owins to th( !l]a’~  [)1 } ti atwns  A s

the intlinsic  ca])acity,  as mcasu[lxl  III llIL: JI,as  [l+lase]:’’l<”z2  is

t h e  Sn co]n[)osition

illclc:isil]p,ly  slnallcr

increases,

than these

d cdrodes  were charged

and ]mismatic  electrodes

l<att]al;{tn)ar ct al



(36.4 at~d 1 5 0  n)A/g), rcspcc[iv[l~,  t) 1 ~ \’ vs 1  If\/l If:()  ‘J’IIc (iischargc c a p a c i t y

inlplovcs siylificantly  will~ lIIC i[iill;tl itl,l~’ I(,C it] $JI co]tlp(xitiol]  (1’ip, 4). I’hc d i s p a r i t y

.,

in Incasulc(i  capac i t i es  belwcrll  i}a<l(  aIId !)] isnlali~  cells coIIld rcsLIlt  flom agumbcr  of

.-
fact(m.  ‘J’i)c basic cell was lilnil((l to :11111()  .]l)clic i)[cssulc,  Jviliic  tilt ])lismalic  cells were

al)lc to c,ontai  I) pressures sli:,l)tiy al) II,fI. iIl]Ios])lII:lI(.. The cai)acity  fol the basic cell is

taken from tl)c first cycle,  wlliic IIIC p i!!))<tic val LIc is tal. cII at [I]c nlaxinmm  c)f the cyclic

disk c.lcctrodcs were also tllickcl  tlI:I II tFI{)~ In Illc ]llisl~latic cells (3 175 mm vs -1 mm)

and cxpclicllcc(i  a larger cx]ilcnl  (imIs :S ~)i Ilnil aim ‘1’IIc cl(:{:tl~)cllclliicai  capacity of the

binal  y alioy is part icular ly i(n~ i )( I i III, t‘, c.l IaI:,IIIg, si~].llifit.firl[ ]Iy(irogcn  cvcduticm i s

silllilal(  lifficllltyi llll)cc llalj~,ill:l (If 1} 1.11111 uy alloy i)asl)c(ll  l(’ccl)[l}’  Icl)ortc(ib  yWas7,ct

ai., which they ovcrcamcby opclti(ill~ I!Ic; tciis at 10WCI  lCIIIl)eIatUICS.22  21)C m a x i m u m

(iiscilargc c.apacity mcasurcci  in ]JIISIII;LI L (J.lIs was sljgl~(ly mrcl 300 It)Ah/g at a ciischargc

[ate of (Y2, whic]l is an iln]Jl(>ss~J’~. jalIIC I[)f all Xil$ a l l o y 101 C?:amplc, S()[nc of t h e

state-of-the-ar(, misch  ~nctal Iltisi(l Pii It, h’i] allt)~s~wal~la(c(i at .lI)l, st]owcd  a maximum
)

ctipacity of 250-275 mAII/p,  ‘“~ A])ti  i I’1<1111 11)( MW it) (ll~r~],cat)iiity,  the  low p l a t e a u

i) ICSSLII-CS  in(iucc(i  b y  tl)c SII SIIIIS’ Illlli(  I I r(:s(dt  III Ni- h!)  1 CCIIS  of l o w  o p e r a t i n g

pIcssLIms a]id low sclfdisci]al}~,c

l<atl~akumal c1 al



‘J’hc dIscllaIf:c  potentials dccl(:i>~ tri:l] ;III II Ict I.;Isc  In 111( S11 (ofl(ctllltitio]l.  ‘1’his i s

cxpcctc(i  from the rcducxd  plaicall  ~II(KSLII  LL lith it)( l(asin[~  Sll co[lm)l[alion in the alloy.

‘1’hc c h a r g e  ]Iotcntia]s  wmc Iolvcl  11181 tllc I fjuilil~liull~  ]mtcllliats  calmlatcd  with l;q 1 .

1 ICW!vcl”, t h e  dccmasc ill I}IC CIC Il(hrlltllical  capac.i  t>’ of’ a l l oys  w i th  h igh  Sn

Cxmccntl-ations is sigllifie,ani  cxun]jzlcd  lo 1} ~~ dcmcaw  ill t}lc ctilculatui capac i t y  m the

hydrog,cn  absorption capaciticx  ]nctis~ tr {{i v,, ! i [~as phaw isotlwl ins ]1011-I anexaminatiol)

ofthc chewed mid-point polcll(i31f  IJ c I fll ):0 tllc d} ’namic  dis(llalg,c  curves in the basic,

cell and the cxmcspollding  Cql]ililllilllrl  ])t~lLI hals cfilc[)lalcd  ftolll l}Ic dcsmption  p l a t e a u

~J]-CSSUrCS (J;i:), S), it is clcal 11)21 lIIV As( !Ia I,,‘{. oJ’clp(JtcTitials  tcll(l to imcasc  at hi{$ Sn

compositions, e s p e c i a l l y  fw x “ (), ~~ “1 IIis bch:tviol  ]Jl(m]]ltcd  us t o  cariy out

mcas~u  cmcnts  on the kinetics of CIC,(I (I IJ(IIII. al hy(lI i(iing of’] ,aN)~.xSn\  alloys.

I)(: l’olat+ix;ltion

l{atnakl]]llal  cl al, ],



IIlll)cdatlcc! CXpcl”llllcnts \L’(’1(’  [)(’1 101 11(.’~. I II disk (] CCIIO(IW III:] ({C \vitlI the M I ]  d]oys.

h4icl(J]l(Jlalizatio11 am{ ‘1’af(l II ILi SIflrllIIIl S wut’ ltclfoIIIIc(l  (m tlIc a l l o y s  under

lJ(Jlcllli(J(l}~  llalllic coll(liti(J1ls:it  S(I II hil:~ 1~ 002 ttl\~/sat]d  05 It IV/s, tcspcc(ivcly.  ‘1’hc

l;ig(~~c 6 shows lhc llliclo])c)l;tli,,,ili~ll  L iIj L of tl]c I ,aNij.XSIl,  alloys. ‘1’hcsc cuives  arc

rcasmlat)ly  lineal and spread 0111 (~iv  II;’, I( IIIC  (Iillkicfm  ill Illcii cqLliliblium potent ia ls.

‘1’hc ]mtcntial  of the binaly ;Illo) i. lc\ an(xlic  (ncgali\’c)  Itiatl  cxl)cctcd  f r o m

calc[llatc(i  equilibrium potcnti:ils ‘lllilllii~ I.m ca~lsc{i  by its 1{.)mcl  state of c.hargc.in

the

the

lll~scalcd cell conf igurat ion ‘l’t~cl(ill,l~.  (ll”tll(. cx(l]all:l,ec ~lllcllt  \cstilllalc(l  flom thcslopcs

oflllic l-”l>ol:lliz .atioll” culvcsoj  (Iilll:l([ll hill alloys  ~how an itltclcslirlg  tlcnd (l;ig 7  a n d

‘1’ab]c l). ‘1’llccxcl~at]gcclll-lc]lt  (l(,')~tjll;  i\\il]i li:~ll\(l jJ()[~Sl~s[ llJsii[()ti()l~ flom 0.77 mA

fOl” tllC b i n a r y  alloy 10 1.35 ill,\ l(~i 1111.  i 11[)~  \\i[ll x ().1. l;ulllict a d d i t i o n  o f  SH
\

Ill Ic\ Ls,  lIIC l.inctics  of’ SII subst i tuted al loys arc

1 (,: SI

Illctl! \

- (),3 in unscaled cells,Collql(jiitiolis  o f  x ‘“

of ll,sdlo:~(:t~ al)so[l)tion  aIl(i dcsorilti(m  a rc



lo dctewnillc  the kinetics of absolj)ti(.)[ aIId ,l(sorl)tio]l, I’afcl ]mlal iz.atiotl nlcasurcmcnts

were  IIMdC 011 the 1,aNi5.xSnx allf)>’s 1:1}1,~11 c } illust]dlcs the ‘1’afcl Idlavim, comctcct  f o r

mass Iransfcl,  of various alloys CtIIIi II{I, clI;II~:(  and d~scharp,c. ‘J’l)c OVCI potentials at any

cuncnt  density can bc seen to (I(x:I case I. II)LIII flit initial substituti(~ll  of Sn, but inmasc at

the llipJcst Sn concentration. ‘J”lIc c:ItlIi  NII( ‘1 fill:] plot of tllc t)illfil y alloy is cm]plictitcd

by the hydrogen evolution rcactioll,  t~lli[ll o{ I 111  S at lhc sainr. ])olc]~tials  as the hy(iriding

reaction, resulting in two distin~:l Sl(q)c..,  ‘J’lll si mUltaIICOLIS occuI I cl Ic.c of Ihc hyctrm;cn

c.volution may Icsult in fluctualiofls III tlIc (cIc(  lIodc ]mlcntiats flo]ll

all{! bU1’Still~  Of }ly(!f’O~Cll  ~{lS l)ll~)~)]C\  ( J  I ‘  ‘1(; Clc(:tl  OCIC. S[ll f’ac(’

lIc. continual forming

Such pf-obl  cms arc

fo][[)nalc]y  absent will] Sl)-sl]l)sti{[]lc(i  tillo~s, II(I  the “J afc.1 cw[vcs file ]I1OI c Icproduciblc,

in any case ,  fol- the ‘1’afcl ]mlfilij:jlior~ (~:jI( I[ncnts, the. ]Jotcnlifil  was scannc(l  f r o m

cxtlcmc anodic,  ( p o s i t i v e )  vall]cs l{.ll I II( [ tlmdic. (Ilc.::alivc}  JI;I]LICS, tO avoi(i  t]~c

uncwtainlics  arising  f’-om IIydlo}:cli  I)IIIII)IIL:. i+(lh(.lin[],  to the sul fac.c (~ftlIc  hi}] clcctlodc.
,*

,.

‘1’hc ‘1’afcl J)olalization  c u r v e s  ill(liczlc  SIIL)I,$,  II iss lltins~kl cflc.c.ls  al l]igt]  cl] JJ’ClltS. ‘I’h C

limilin{g c~lllcmts may  bc rclalcxl t(~ tllr sl(i~ VI t-st;~t[  [iifj’L]si(~l] of !IydIo[[cII ill Ihc M 11



clcctlodc.  ‘1’l)c Iimi[ing curlcllls  till. III( ,dI L(I iil a st:]~a]alc ~}c]t[:[)[ic~(lyllalllic cxpcrimcnt

at a potential 400 nlt~ more ]msitii’c tl~:iTI tl). cq(lilit)iiul]l p[)lcn[ial, arid alc Iislcxl in l ’able

1 “1’hc dilllsion lin~iting culittlt 011 (1 M Ilal .I{ is Ilig,llcst f’ol 8 Sll conllmsition  of 0.1 < x <

. .

(),2 (in t h e  rargc  of 500 mA/j:) AIId ]. I( (.l(]ct(i al hi#l SII [otll])ositi(llls.”  ~Usillg the

.-

mcasLIrcd Iiluiling currcvlt, the ‘1’af(’l  I)IOIL. L I hc C(N [cclcd  fol tilt’ tnass tlansfm effects by

plol[ing the Iogal-ithtn of 1/(1-1/11,1, ) ;I:<ill{sl lllc cl(cllodc  ])otclllia. ‘1’hc comctcd Tafel

plots arc more ]incal  (J;ig. 8) ‘1’111.  c? LhiII{ L cuIIIIil dens i t y  al}(l tt:illsfcl- cocfficicnls  for

Ilydf op,cn absorption wc~ c cal L(II al c{+ *1(,111 Illc  illlcl-ccpt  and illJcl  se Sloljc of the CO1rCCtCd

cath(xlic  ‘1’a~cl  p l o t s ,  lcs~]c,lii{  IJ 1 I  ,. cotlcsllolldillf; c (xj’1’ccim)ts  for h y d r o g e n

dc.sol ptiol] were calculated i lot]) [II( !Lf,) I t:tc(l all(xlic ‘1 fif’cl ])10(s “J’he absorption

Cxcllallgc!  Cill I“cllt incxcascs ~Ij)L~rI  :;II s[~ts[itL)tioll  and slIows  a m a x i m u m  a t  a  Sn

cwlnposition  ofx = 0.2 (I;ij; “/. ‘1 filllt. 1 ) ‘J I IK (Icv):l)[ion  cxchal]{’,c  cilnclit implovcs mom

significantly upon  Sn substil(ltloll, 1111[  11;1! ;i lll~Xllll\llll  II(WI X () 1 .  Ncvwthclcss,  the

kinclics  of dcsorption continocs  10 II{ t).’llt I [ ban  tl~( bil~aly  allo~’ fol x ~ 0.4. ‘l’he Tafel

S1O]WS show an intcrcs[inS,  tl vII(I IIJ+ sl(J,I~ fo] [IIC til)sol])ti~)ll  ploccss  (icc[cases w i t h

inct  casing  Sn collccjl-ltt-atioll,” i’$’llcl (’+s [III. sl IIJC lo] tllc dcwl  l)ti~))l i)loccss  incrmscs  (’1’able

1 ). ‘1’hc change in both the paIaIJItl(I  ~~ i. 1(’s malkc(l  for x ~ ().;) It is illtcrcstins  to note

(hal the  cq(liliblium  potclitials (t;ilt.llla’t.([ fIom  th(’ Iof!,:ilitlltn  of the plateau plcssurcs)

also (iccrcasc with i[)crcasinp, SI) COIIL

F4cilitatc  abs(mptiott,  whmcas  IIi:’,11(1

, -,, .)



tmnsfm cmfiicicnls  dLII ing al)soj ~)(1 (HI C:l CIL ‘iitc.d fi OIJI the  ‘J’afvl slo~m  incremc  w i t h

inu casin:, Sn composition fl om O 24 ( II > 0 to 0.2S, 0.32, 0,34, 0.35 and 0.4 for x

values  of 0,1, 0.2, 0,3, 0.4 and 0.5, ]cs~]. GIIVC!S. ‘1’llc  Collcs]mll(iillf’, tI allsfcr codllcimls

during  dcsotption,  lmwcvcr,  dcc.t  Cfis(  ivilll ili(’1 ltisin~ SII colil]msili(m,  from  0.55 for x = O

to 0.32, 0.27, 0.28, 0.26 and ().2()

A{? lmpxlance

1 ;Icclrochcmicfil  lmpcdancc  SiJcG[l  os~tl] y lflt,:lsui  cIIIc I~ts ~vu c ll-IadC.  OII mixed anode.

powders in Ihc charged state. ‘J’lit lILJ\+ticJ  \ v cc fictivtitcd by {J,as- phase absorpt ion

WCJ-C  not clcct(t)cllclllically  cyc led ‘J’~Ir A{: ini]d{tncc  dat;i were  ob ta ined  in

but

the

frequency lan!,c of 100 kll~,  105 III] !Y til ;i lf)h  A(; amlditl](lc  of’ 2 IIIV, ‘lllc i m p e d a n c e

plots of 1,aNi5.,Snl  alloy clcctlodcs  a]l s)Ioi\’tI III the Nyq(list CM (k}lc-(:cde fmm in I;ig. 9.

A s  m a y  be seen in th is fi]gJJc, III( ill]][l:lrlcc d((lcaws IIt)tircat)ly  u p o n  initial

substitution of Sn bL]t increases fkr x . (1 1. ‘1 IIC illlpc.{lance (Iata WCI c aIIaly7cd  using  a

gcncralizcd  cquivalcnf  cilcuit  ado))tcd foI tlIc 1,111 tlcctI o ( 1 c , 25 slIouJI] ili lhc inscrl “J’hc

ca])acitivc  cm]iwncnts  labeled by Q iil L III(KIL’1((1 as f:{~l)st~llt-~)lla~c rlcnicl]ts (~Pll) to

, *-
dcsclibc  tllc ,[!cp] csscd  natLllc of the $.1 i <ilt lis,2(’ R] i s  asclibc(i  t(I IIIC clcctrolytc

r e s i s t a n c e  bdwmn the M l ]  c]cc[t(dc  aJId 1[1(’ I(, fL’J’cIIcx:  c]cctIodc.. ‘1 }IC sclni-c.irc]c  in t h e

hi@ frcq~lcncy  I c~~ioJ],  ICpJ Cscntc{]  1p 1 { , 1111(1  (’.)l, JcfLIl[s fIOII) III( (O I)tacl r e s i s t a n c e

lUitl)aklJl]laI (’! al 14



, .,

[lV[\V(:Cll  ti]~ CLll  ICllt C.()]]CCtOl  :tJl(i (]11’ I.”!\oll  tloJl(\(’(i c] L’(”[J()[i(’ 1 I]( cx)TIldcl  ]csistancc  ant i

cai~acitanm  between the pa]ii(l(\ (1~”  II]. ]l~l’)licl]()]](ic(i inciai il}’(ili(ic l)ow~icr,  g e n e r a t e

imralnctcls 1{3 and (;3. ‘1’hc scIllI tit( IL I I I  liIc IOU ffcqui:llc~ lcj:ioli, lnmiclcd  b y  R4  and

.?
Q.!, )s attlibutc(i  to tllc IC[:C’[l{  ):) (Lii’tr,  L’, llilll SF(’1 )  lt’Si Stiill C’(’ an(i ti~c d ~ l b l c - l a y e r

.-
ca]~acritancc)  Icspcctivcly,  ‘l”IIc L!f)LII(lrI;: l]npc(iall(c, \Y1, is Il)c WaIINIlg  impedance ,

wilicl~ i s  a  palalic] alWor  sol i(’.. (0:1 ili]l :’iotl (If [iiil’usio[lzii  tcsistallcc  an(i pseucio-

capac.itanc.c. ‘1’IIC  ObSC1”VCCi  1111]  )( ’(i;tll(’l’ ]) il(CIJIS of lIIC M i i (icctlo(ics (I;ig. 9) a r c

silllpliflcd  t)y tllc  abscncc  of 2 (ilflllii  111’11 ( l“llilo  JICJl[ ‘1 hc i)aIaII~c[cIs  in the equivalent

cilcuil Wcl-c  cfalcLllatc(i by a nol]lil~(  II i( +1 d!ualrs  i It usitl{~, tiI(I II(mkami) mcthwl,27

‘I’l Ic. cxcl~al]f,c. CSIIICI)I calculated  f I IM I 11 IC ,.l~anl,c t! ansf’e] 1~’s!slancc dmcasc.s  i n i t i a l l y

uiml the  sul)stitutiml of S]) bLIl ill~. ( is!i f ~1 SII cortli)ositioris x j: ().4 ( r l ’ a b l e  1 ) .  q’he

[Iclld is sililiial to that obscIvc,i  iJI [iIc i)[’ I [llali7atio[t  Cxpclii]lcll[s,  11 is thus clear that

tile kii]ctics  of hydriding impl(lv(s  Ilia:i(t(ii’ IIpOII SII sul]stit~ltioll  ill 1 aNi5.XSnX, at least

fol x < ()..3 IIighcr ammnls 01” Si (.[(: II to (21.Isc  sill[~,~~isil k i n e t i c s  f o r  hydlogcn

absw pticm an(i dcsor-ption, ‘I’l IIs 1)[11:1 I(I i> c. IIIc IIll) [)cillp  slII(iI(Li  ill Inolc(lctail,



l;i])ally, tllc ]mfomlancx  of the Kll 1 :III(IVS {’lllil]:: c.lI;II [;c(iisc.ll:It!I,L c>rclirl:t was cvaluatd

in 250 III Ah,  l]cgativc-lil]litc.(1,  IJlis]l);it  c lal II MatoIy t(st CCIIS A 11 houp,h sc.alcd cells are

typical]y p o s i t i v e - l i m i t e d  i n  ordcl  t{ I Lltil l~c zn ovcdial[:c  llic.chanisl~),  the p r e s e n t

pa[,tially  scaled cells were Clcsiy,llcd ill lilt II[::ittivc-lir)]  itccl col)fi[>,~)lali(jll (with a deficit of

Ml]) 10 invcstigalc  the life-liltlili lt~’, :[1(’<.”11;111  S i l l s  01 Illc hj] 1  Clcctlodc. ‘1’he cyclic

lifctin]cs m(icl these accclcratcd  tcsf o IJI(IIII) ITIS a[c cxpcctcd  to bc shm im than in sealed

cxmmclcial  cel ls,  bu[ these tests sh(.u)ld bc a])p]oj)liatc it)] ml])~)a]ativc  e v a l u a t i o n  of

cyclic  lifetimes of different IIkctal  }I))LIJI(]C clccl Todc malcrials  }j’itl] p lateau pressures

slightly f:J catcl than atmosphe.1 ic, (} I 1{.$ I.,

‘1’hc cyclic lifetime of cells

l;ig 10 ‘1’his fJgLiIc s h o w s tlla! t)l(’

composition] ).” VVc att]ibutc  tl]c lo\4’cI

J) IcssLIIcs,  which were arcmn(i  1 atIIJ

illl!i;l c I]acity  illcrcascs  lvilll aJ) inclcasc  in the  Su

ctilwcitirs  oft}lc SII-l IooJ tilloys  to their high plateau

Sill(c C}I CCIIS o])m:itcd  OJIIY sli{’,litly  above 1  atrn.,

incmmplc[c  char~ing  is Cxpcctc(l  fol tli( fillo~!  i~!ith x < ().?. 1 lo~v(’i CI, tllc il]itial c a p a c i t y

dcc]incs  ap,ain foT” Sn cmncc~ltfatit)lls  ]Ii{.1 i[t tll:jll 6 , ’ /  a[%,  (~! x ~> O ,1 While suppressed

]ly(il”o[;c~\lJ~) s(JIJ)tioJ1/(icsor j)tic)T] ki?l(’li<  ; {(N1’l;i also ~Jc’ ]c.s])ot]sibl~ foT t]lis tTcnd at hig,h

S1) col]ccl]t~ittiosls,”  we. att]ibutc  this cll (cl lo Ihc loss of illtlillsic c;i]):icity  of t h e  a l l o y ,

incoml)]ctc  act ivat ion, and the lmt d[’m Ill], t) ]) I(,ssiIIcs  of ttjc ;:lloys.  As evident in

I{atllakuln:i[  (’1 al, !(



,,

11 nlay  bc IIotccl that CNJI alloys all (x]xli(u(c a sIIOI  ICI cycli(  Iifl.lll]le than tllcw-achicvd
.-

t)yolhc[  cx])c[iillc[~tcrs,]2’22 alI(i IIli:.(all tl( :,(tl-ioutcd to tl~c stfc II\](>us cycling ccmc!itions

Ilscd 10 tcsl our cells, ‘1’he dccj)  Ci}s.ll;li;)i’ 10 -O 5V vs 1 IfJ,O lfI,( ) accclmatc.s  the 10ss in

cal)8city,4 compard 10 t h e  .().”/\~ ( I I  [III 111.  N, 12’2 ‘i’hc tli:]ll  a])j)]icd  cmrrcnt ctcnsily,

Ilormalimd by  awa, and t h e  lalj],~ 1) (Jl~o: II I,)J) of a(:tivc ]Iltit[’l ial USC(I  i n  t h e  Clcclm(ic

I)OW(ICI mixlulc c o n t r i b u t e  10 III( ( i](’rl I, (’ CLIJICIIt  dcl)sil}f  (’x]) cl”icl”lccd  by the M  ] I

lIt)wdcrs being very lal-gc, \4’c I)cl I cf ,c, t I I,4 ~ these OAC1OIs  I cl)] csrnt  n)OJc accurately the

lifetime the h411 alloys will ()[)tail] itl ( (11s tI:jIiultict  LItcd  fm COIISIJIIICI  USC.

l(ach  d] w a s  Sll[)~CCICd  10 200”  (’)li’,l{}(’.  ill S. I+lg(  Cyc  I(X. ‘1 I](  I tlct)li  On of capacity was

fiN]tId  to inlplcwc w i t h  incl(wi]~j’ SI c(.~tillt.)sition A{(cI  I (1~)  cl]fil~,c-(liscl~al{:c  c y c l e s ,

alloys w i t h  x = 0 . 2 5  or 0.3  c.xlli\~il ~ii]li]~  l i es  i]] mccss of’ 200” II IA II/::, an  in]prcssivc

II UIIIb CI when ccmparcd  10 lIIC slatt (II” iII [ ‘\ll])hTi7  S( 0(, JIII[, ~,IlllJ { Ml 1 a l l o y s  cvaluatc({

al .II)I,2’1  (M III in IJig,, 10). It is ill[(l(’.[ili:j, II no[c tli:; ( all(I}Is \\Itl  I IIij:ll ,Sn c o m p o s i t i o n s,

(),4 by ttlcrn)al]y

flo]n t h i s  saII)ple

: “/



iilc Ial)clcd as 0.4a in l:iq, 1 (). ‘I’)lts sj 111)1~ i~,’as  u s e d  fot tllc ca]Iacily  lI]c.asulcme. J]t in

ShOwIl ill ];i$ ~, but t h e  CUIVC ill ]<]:’, 1(1 ];!\) (’l’<i 0 . 4  s} I[)LI]d  [)C LIsc(]  tc) Stllc]y  t h e  CaJ)aCjt~

dc::mdation.  Wc  arc cmrlc.ntly stu(i)’ill{, it} IJNC (ic.t; ]il I1OI+I il)collll)lctc  activation affcds

11112 alloys’ cllar@dischar~c kincti(s,  [1111  Inc. ~~lc.sent lc.suits sh(wld  bc valid for powclms

with a siJ)glc gas-phase activation, “j IIC \ii,.ti) I( caj)a,;il} in c,cl]s \till] x ? 0,4 cxc~cds tha t

of cells  with 0,2 <x 50,3, as cvIdcIILcd  1)) t}){. lifctiluc mrvm allcl 150 cycles,

(: ON{: I, IJSIONS”

‘]’hc sl]bstit[ltioJ]  of small aJnoll]]ts  ()[ SII iLIJ IN I It] ] aNi, iJj”ll)J”ovcLs  II IaIIy c])alfictcristics  of

Spccific,ally, t}lc chaJ-:;eability  is iJnJ)I  (Ii( i ( lvlil): to Icd I]cd al]so]~dio Ji” plate.au prcssul es.

imp]cssivc number for an A115 fo~l)l[lltili[tl I’l IC ki~lctics  of lIy(lrcJp,cII al)soq)tion  and

(icsoIption alc i]np]-ovcxi ma]kcdiy  C(JIIi]I?ICd to tllc lJiJ)aJy a l l o y , altlm:;l) at high SJl

Col)ecill]  atioJls Ihc implovclnc J)l i s  I(SI t \’i(it)t, ]ws$ibiy  ]cs[llti  J)g fro]]) i n c o m p l e t e

aclivatiof). ‘Jllc c a p a c i t y  Jctc]ltiol~ (11 II iII~I, cl)al::c.-(ilscl~:]lp,r c~(lil]{;  i s  s ign i f i can t l y
. -

cnhancmi  filch that the cyclic  lifcli]tlc 0! !\II ~~ ~]llstituti{i  alioys i s  cml)pa]ab]c  t o  some
,,

Jll[]lti-col]]l)or]c])t,”  Jnisch-metal l)awxi allots ‘1 II col)]p[mitions ill IIIC ]fi]If~c of 0.2 S x <

‘ RalJlakulll;lI cl ai }.,
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CI,D x = 0.1; open - charge, closed . (li~(li I~IL ) ,III(i gyts-])]lasc ( - x ~ O.())
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l;l[~ 3“ \/al]atioll  will] Illc SII (t)IIIII;Is I i  )11 i]) 1 .2 Ni5.  hS]], a llo~s of ’  I]lii( ccl] volume  (rl~

a n d  ]l]at Call  PI”CSS1ll  C fol”  ~()()  ]< ;Itlsol .)(1011 ‘ - ) )  all(i d(:solplio]l”  (@I),

I;ip, 4 1 ]Jr(lrofcll  a[)soq)tiol]  [;Il)~II il\ ( ~ 1 AN15. kSnx alloys  nlcasulcd  w i th  Sicvcr[s’.,

al~j~alatus,  pl-ismatic  cdl Clccttcxic, (iih (1(’ [I O(IC, a]ld follllula  c a p a c i t y  for 117R4’  r:itio of
.-

1“1

l~i:, 5: V a r i a t i o n  o f  nli(i-~)oit)[  (Iisftl:i:’,c  fmtelltials of’ (Ii sk elect i OCICX and the

col rcspol)(lin{< cquiliblium polcllti;~ls ,2 I.(I itcd fI (mI the clcs(M [)licm plalcau  pressures,

l;if~ () 1 ,incar polar i7.ation cuI ics oi” I t Iii: ,,$IIX a l l o y s .

]j~, ~: V a r i a t i o n  of t h e  CXtlIIIIfI CL II II:nt dcl Isity f(or[] ]ncasulctnm)ts  by I)C

nlic.l{~polal  i~ation (B), A(; ll~}])c(.i:tll( ( i, x ), Ancxlic ‘1’afd ]mlal intion  ( * )  and ~at}lcdic

“I”afcl lx)lali7,atioll  ( - - - ) .

l;if; 8: “1’afcl polal-iz.tiliw  C(II \cs )iillk  IItdss IImsfcr cut Mic)l)s of ’1iFJi5. xSllx alloys.

l;ig 9  1  llcctdvmical  lm]xdaIILc ‘s.;j~’t’.L~  OSC,O])} (111,S) CUI \cs of’ 1,ah’i5.x.Snl,

shows e q u i v a l e n t  circuit

nsi!I”(

Ratlmkumal ct al I .
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